Giant birefringence is demonstrated in ensembles of randomly grown, vertically aligned semiconductor nanowires. Bottom-up fabrication of epitaxial semiconductor nanowires grown using the vapor-liquid-solid mechanism yields a highly anisotropic photonic metamaterial. The birefringence in the material is shown to depend on the nanowire length. Short nanowires with a volume filling fraction around 50% exhibit the strongest birefringence, in agreement with effective medium theories. A large difference is found between the in-plane and out-of-plane refractive indices of ⌬n = 0.8, exceeding by a factor of 75 the natural birefringence of quartz and by more than a factor of 2 that of inverted artificial materials. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2402906͔
Semiconductor nanowires are nanostructures with a diameter much smaller and a length much larger than the wavelength of visible light. This large anisotropy, combined with the high refractive index of some semiconductors, leads to fascinating optical phenomena. Giant polarization anisotropy for the absorption and emission of light was first reported by Wang et al. 1 by measuring the photoluminescence of individual InP nanowires. It was demonstrated that semiconductor nanowires can function as polarization sensitive photodectectors.
1,2 Furthermore, the polarization anisotropy of the optical properties of nanowires has been used to selectively photopassivate their surface. 3 Very recently, we demonstrated that nanowires exhibit form birefringence, with an optical axis that can be controlled by the direction of the epitaxial growth. 4 Optical birefringence describes the difference in refractive index of light with different polarizations traveling inside an anisotropic material. Next to the natural birefringence of crystals, artificial birefringence occurs in materials containing aligned macroscopic scatterers. The phenomenon has been observed in various systems such as aligned carbon nanotube films, 5 porous silicon, 6, 7 and liquid-crystal templated porous CdTe. 8 In this letter we show that giant birefringence can be achieved in dense collections of randomly positioned vertical nanowires by controlling their length, alignment and diameter, and thereby the semiconductor filling fraction. The largest birefringent ensemble that we have measured has an extraordinary large birefringence of 0.8, exceeding the natural birefringence of quartz by a factor of 75 and that of inverted or porous materials by more than a factor of 2. 6, 7 This is to our knowledge the strongest birefringent material to date based on randomly positioned scatterers in the long-wave limit.
The semiconductor nanowire materials of this study are extremely suitable for several important technological applications involving porous media, such as optical biosensing. 7, 9, 10 The extremely large available surface area of the wires can be coated with additional layers of silicon or noble metals for compatibility with biological functionalization groups, 9,11 while local bottom-up growth of nanowire layers on optical waveguides will yield integrated optical sensors with improved sensitivity. 10 Other applications of giant-birefringence nanowire materials are anticipated in quantum optics as a source of entangled photons, 12 for polarization control in microphotonics, 13 and as propagation medium for surface waves on birefringent materials. 14 We have investigated layers of different thicknesses of vertically oriented GaP nanowires grown in a high volume density of several percent. GaP has a large refractive index n GaP of 3.3 in the red part of the visible spectrum and an energy band gap of 2.26 eV. 15 The nanowires were grown with the vapor-liquid-solid 16 method by the use of metalorganic vapor phase epitaxy at 420°C on a ͑111͒B GaP substrate. A thin ͑0.2 nm͒ gold film was deposited on the substrate, resulting at the deposition temperature in a high density of individual catalyst droplets from which the nanowires are grown. The thickness of the nanowire layer was controlled by the growth time.
Figures 1͑a͒-1͑c͒ show cross-sectional scanning electron microscopy ͑SEM͒ images of three nanowire layers of different lengths, epitaxially grown on a GaP substrate. The semiconductor filling fraction in the three samples is approximately 4%. The scale bars in the three images correspond to 1 m. Figure 1͑a͒ represents a layer of nanowires with a length of 14.5 m, while the nanowires of Figs. 1͑b͒ and 1͑c͒ have lengths of about 4.7 and 1.5 m. For all samples the nanowires were epitaxially grown in the vertical ͑111͒B direction; however, with increasing length, the wires seem to bend due to their increasing flexibility. This phenoma͒ Electronic mail: rivas@amolf.nl; URL: http://www.nanowirephotonics. com enon, as we will see, is responsible for a reduction of the birefringence.
For wires oriented perpendicular to the surface, the optical birefringence is expected to vary strongly between normal and in-plane incidence of light. The nanowire material may be considered as a positively uniaxial medium with corresponding values for the refractive indices n o and n e , respectively, for polarizations perpendicular and parallel to the nanowire axes. The values for n o and n e can be calculated from a microscopic effective medium model reflecting the specific geometrical distribution of the mixture. For a material consisting of perfectly aligned cylindrical pillars, it has been shown theoretically that in the long-wavelength limit the two indices are described by the Maxwell-Garnett effective medium model for the ordinary index n o and the geometrical average for extraordinary refractive index n e . [17] [18] [19] In the case of GaP pillars of refractive index n GaP occupying a volume fraction f in air, we have
where ␣ = ͑n GaP 2 −1͒ / ͑n GaP 2 +1͒ denotes the polarizability of the cylinder for an electric field perpendicular to the wire axis. This model describes the dielectric constants for a medium of cylinders and should hold as long as the wires are not overlapping.
To determine the material refractive indices, we use the method of angular-dependent polarization interferometry at an optical wavelength of 632.8 nm ͑He:Ne laser͒. The polarization of the input light beam is set to 45°with respect to the plane of incidence. The rotation of the polarization vector after propagation through the nanowire layer is measured via the parallel ͑I ʈ ͒ and cross-polarized ͑I Ќ ͒ intensities ͑relative to the input polarization͒ using an analyzing polarization filter. The ratio of the intensities I Ќ / I ʈ is a measure of the polarization extinction and represents the quality of the birefringent material. 7 This ratio is shown in Fig. 2 as a function of incident angle in for light transmitted through the three samples with increasing nanowire length of Fig. 1 . For the sample with the longest nanowires a maximum at 57°and a minimum at 78°are observed in the polarization extinction ͑blue line in Fig. 2͒ , corresponding to an optical retardation over multiple orders of . The sample with 4.7 m long nanowires presents only a maximum at 72°in the polarization extinction ratio ͑green line in Fig. 2͒ , while the sample with short nanowires ͑red line͒ does not have a maximum in the polarization extinction ratio due to the shorter optical path length in the birefringent layer.
Accurate estimates of n e and n o were obtained by fitting the polarization-dependent transmission using a transfer matrix model accounting for the various interfaces and for the birefringence of the nanowire layer. 20 The results of these fits are represented by the dotted lines in Fig. 2 and show good quantitative agreement with the experimental results. The resulting birefringence coefficients ⌬n = n e − n o for the three nanowire layers are plotted versus the layer thickness in the inset of Fig. 2 . The solid line in this inset is a guide to the eyes. The birefringence coefficient increases strongly as the thickness of the layer is reduced. We attribute this to a better alignment of the short nanowires that do not show the pronounced bending experienced by the longer nanowires.
According to Eqs. ͑1͒ and ͑2͒ the birefringence coefficient can be increased by augmenting the semiconductor filling fraction f, reaching a maximum when f is roughly 50%. Therefore we have made samples of short nanowires with increasing semiconductor filling fractions by growing an additional GaP shell around the wires. This is done by elevating the growth temperature to 630°C for a limited time after growing the nanowires.
4 Figure 3 shows cross-sectional SEM images of three samples with increasing shell growth The resulting birefringence coefficients ⌬n for the samples with increasing radial growth times are plotted versus the semiconductor volume fraction f in Fig. 4͑a͒ ͑open circles͒. 20 The birefringence increases strongly with the volume fraction. We obtain values as high as 0.80± 0.07 for a filling fraction of 40%. The solid line in Fig. 4͑a͒ represents the theoretical value for the birefringence coefficient using Eqs. ͑1͒ and ͑2͒. There is a remarkable good agreement between the theoretical and experimental values. The small discrepancy could be caused by the aforementioned bending of the nanowires, which yields a lower ⌬n than that predicted by the theoretical model of perfectly aligned nanowires. 18 For comparison we have also plotted in Fig. 4͑a͒ the birefringence coefficient for an inverted structure consisting of air pores in a matrix of high dielectric material ͑dashed line͒. These types of structures are usually obtained by top-down fabrication methods. High density ensembles of nanowires present a much higher birefringence than inverted materials. The value of ⌬n = 0.80 measured in GaP nanowires is more than a factor 2 higher than previously reported values in highly birefringent porous Si. 6, 7 A parameter of considerable interest is the birefringence normalized to the in-plane refractive index n o , describing the relative difference of the phase velocity of the light between the two polarizations. We have represented this relative birefringence in Fig. 4͑b͒ as a function of the semiconductor filling fraction f. The relative birefringence reaches up to a value of 43%. The large relative birefringence again is specific for the nanowire material, due to the very strong suppression of the nanowire polarizability perpendicular to its axis, 1 and very different from porous network materials ͓dashed line in Fig. 4͑b͔͒ .
In conclusion, we have fabricated a novel metamaterial based on high densities of semiconductor nanowires. The material shows large optical birefringence depending on the length of the nanowires. Short nanowires ͑1.5 m long͒ with a filling fraction of 40% yield a birefringence of ⌬n = 0.8, two times larger than previously reported values of birefringence in inverted material such as porous films. The good quantitative agreement of these measurements with the theoretically calculated maximum birefringence demonstrates the high quality achieved in the fabrication of the nanowire materials in this work. The unique properties of the giantbirefringence nanowire materials combined with their local bottom-up fabrication open up important technological applications in optical sensing and nanophotonics.
